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In most animals, fertilized eggs inherit one centrosome from a meiosis-II spindle of oocytes and another centrosome from the sperm.
However, since first proposed by Boveri [Sitzungsber. Ges. Morph. Phys. Mu¨nch. 3 (1887) 151–164] at the turn of the last century, it has
been believed that only the paternal (sperm) centrosome provides the division poles for mitosis in animal zygotes. This uniparental (paternal)
inheritance of centrosomes is logically based on the premise that the maternal (egg) centrosome is lost before the onset of the first mitosis. For
the processes of the selective loss of the maternal centrosome, three models have been proposed: One stresses the intrinsic factors within the
centrosome itself; the other two emphasize external factors such as cytoplasmic conditions or the sperm centrosome. In the present study, we
have examined the validity of one of the models in which the sperm centrosome overwhelms the maternal centrosomes. Because centrosomes
cast off into both the first and the second polar bodies (PB) are known to retain the capacity for reproduction and cell-division pole formation,
we observed the behavior of those PB centrosomes with reproductive capacity and the sperm centrosome in the same zygotic cytoplasm. We
prepared two kinds of fertilized eggs that contain reproductive maternal centrosomes, (1) by micromanipulative transplantation of the PB
centrosomes into fertilized eggs, and (2) by suppression of the PB extrusions of fertilized eggs with cytochalasin B. In both types of eggs, the
PB centrosomes could double and form cell-division poles, indicating that they are not suppressed by the sperm centrosome, which in turn
indicates that selective loss of the maternal centrosome is due to intrinsic factors within the centrosomes themselves.
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Introduction centrosome from the spermatozoon. If both parental cen-The centrosome, which acts as microtubule-organizing
center in animal cells, doubles once every cell cycle around
S-phase and is inherited by each daughter cell through cell
division (Kuriyama and Borisy, 1981; Rattner and Phillips,
1973; Robbins et al., 1968; Wheatley, 1982). At the zygote
level, however, some specific mechanism must exist to
regulate centrosome inheritance. Fertilized eggs inherit a
maternal centrosome from a meiosis-II spindle and another0012-1606/$ - see front matter D 2003 Elsevier Inc. All rights reserved.
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Biotech Four, 377 Plantation Street, Worcester, MA 01605.trosomes reproduce in the first S-phase, a multipolar cell
division will occur, resulting in the disruption of normal
chromosome segregation and cytokinesis, causing abnor-
mal development. Therefore, only one of the parental
centrosomes is used for zygote development and thus the
control mechanism is an issue of fundamental importance
in all sexually reproducing organisms regardless of which
gamete actually contributes the functional centrosome for
development.
It has been believed that in most animals, the centro-
some for zygote development derives from the spermato-
zoon alone (Schatten, 1994; Wilson, 1925), except for
special examples such as the mouse (Szo¨llo¨si et al.,
1972). This must be a means of preventing ripe eggs from
spontaneous (parthenogenetic) development without receiv-
ing another set of chromosomes from the spermatozoon at
fertilization. The uniparental (paternal) inheritance in zygotes
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some is lost or quiescent before the onset of the first mitosis,
as first proposed by Boveri (1887). His theory has been of
interest to developmental biologists, but is not yet fully
understood.
In many animals, parthenogenesis can be produced by
suppression of polar body (PB) extrusion (see Obata and
Nemoto, 1984; Washitani-Nemoto et al., 1994, for refer-
ences). Also, in starfish, suppression of PB extrusion can
lead to parthenogenesis, whereas mature eggs that normally
complete meiosis cannot perform cell divisions even when
activated artificially (Delage, 1901; Obata and Nemoto,
1984; Sluder et al., 1989; Tamura and Nemoto, 2001;
Tsukahara and Ishikawa, 1980; Uetake et al., 2002; Wash-
itani-Nemoto et al., 1994). In such PB-suppressed starfish
eggs, most develop parthenogenetically with strong syn-
chrony of cell division, and they undergo cell divisions with
the same timing as in fertilized eggs. On the basis of the
high yield of parthenogenotes and the regularity in devel-
opmental timing, Washitani-Nemoto et al. (1994) suggested
that the centrosomes for mitosis of parthenogenotes are not
formed de novo, but instead are recruited from some
members of the maternal centrosomes that have contributed
to form the meiotic spindles. Recently, Uetake et al. (2002)
confirmed their suggestion. Sluder et al. (1993) showed the
reproductive capacity of meiotic centrosomes by transplant-
ing meiotic spindles into fertilized eggs. The prerequisite of
PB suppression for parthenogenesis induction suggests that
centrosomes cast off into PBs retain reproductive capacity.
Enlargement of PBs can induce their cell divisions (Saiki
and Hamaguchi, 1997; Yamao and Miki-Noumura, 1988).
Furthermore, Tamura and Nemoto (2001), by transplanting
them into artificially activated mature eggs, revealed that
the centrosomes cast off into PBs retain reproductive
capacity.
The reproductive capacity of centrosomes depends on
the reproductive capacity of the centrioles within them
(Mazia, 1987). In arguing the reproductive capacity of
centrosomes, an unusual feature of maternal centrioles in
meiosis should be kept in mind (Kato et al., 1990; Naka-
shima and Kato, 2001; Sluder et al., 1989). Each of the
division poles in a meiosis-I spindle has a pair of centrioles,
whereas each division pole in meiosis II has only one
centriole. As a result, the first polar body (PB1) has two
centrioles, and each of the second polar body (PB2) and the
mature egg has only one centriole, which indicates that the
reproduction of centrioles does not occur in meiosis II.
When mature eggs inheriting one centriole from a meiosis-
II spindle are activated artificially, a single monaster alone
is recurrently formed, but no diaster spindle ever appears
(Sluder et al., 1989; Tamura and Nemoto, 2001), indicating
that the egg centriole loses duplicating capacity if it
survives in the mature egg. Contrary to the egg centro-
somes, both a single centriole in a PB2 and only one of the
two centrioles in a PB1 have been revealed to retain
reproductive capacity (Tamura and Nemoto, 2001). Uetakeet al. (2002) found that among the centrioles kept in PB-
suppressed eggs, two out of the four meiosis-I centrioles
and one of the two meiosis-II centrioles are lost after
completion of meiosis and that the surviving centrioles
can reproduce to form mitotic spindles. These observations
indicate that the maternal centrioles are not equivalent in
intrinsic stability and reproductive capacity and that the
centrioles with reproductive capacity are selectively cast off
into PB1 and PB2, resulting in the mature egg inheriting a
non-reproductive centriole, which would degrade shortly
after the completion of meiosis. Namely, this suggests that
the primary factor responsible for the loss of the maternal
centrosome in the zygote is within the maternal centrosome
itself.
Sluder et al. (1989) reported that in fertilized starfish
eggs whose meiosis-I centrosomes were kept in their cyto-
plasm by pulling off a meiosis-I spindle from its cortical
location, only a single bipolar spindle was formed at the first
mitosis after fusion of the parental pronuclei. Saiki and
Hamaguchi (1998) introduced the contents of PB2 into
fertilized starfish eggs at the first mitosis and found that
when the sperm pronucleus and a nucleus derived from
injected PB2 fused, only one bipolar spindle formed. On the
basis of the observations, they concluded that the maternal
centrosome is suppressed by the sperm centrosome. Their
conclusion is, however, incompatible with the concept that
the selective loss of the maternal centrosome in zygotes is
caused primarily by some intrinsic factors inherent to itself
(Tamura and Nemoto, 2001; Uetake et al., 2002; Washitani-
Nemoto et al., 1994). In the present study, we examined
whether or not such hierarchy is present between the
parental centrosomes using the following two different
preparations of starfish eggs: (1) micromanipulative trans-
plantation of PBs into fertilized eggs, and, (2) PB suppres-
sion of fertilized eggs with a chemical, cytochalasin B. In
both cases, maternal centrosomes could maintain their
reproductive capacity to form division poles for mitosis,
even when the sperm centrosome existed together in the
cytoplasm.Materials and methods
Preparation of gametes and cell culture
Oocytes of the starfish Asterina pectinifera were used
throughout the study. To obtain follicle-free immature
oocytes arrested at the germinal vesicle stage, isolated
ovaries were treated with Ca2 +-free artificial seawater
(CaFSW) and then transferred into seawater (Jamarin U;
Jamarin Laboratory, Osaka, Japan) to induce spawning of
oocytes (Nemoto et al., 1980). The immature oocytes were
treated with 2 AM 1-methyladenine (1-MeAde; Sigma-
Aldrich, St. Louis, MO) to induce meiosis (Kanatani,
1969). ‘‘Dry sperm’’ were obtained by several cuts of
isolated testes.
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were fertilized several minutes after germinal vesicle break-
down (GVBD). GVBD, extrusion of first polar body (PB1)
and second polar body (PB2), and first cleavage took place
around 20, 60, 90 and 150 min, respectively, after 1-MeAde
treatment (Fig. 1A).
Micromanipulative transplantation of PB2 contents into
fertilized eggs
Two groups of immature oocytes were treated with 1-
MeAde at an interval of 20 min, and both groups of oocytes
were fertilized after GVBD. One group of oocytes first
treated with 1-MeAde was used for recipients of PB2, and
the other group for donors. The fertilization envelope of the
donor oocytes was removed with 1% sodium thioglycolate
(Wako Pure Chemical Industries, Ltd., Osaka, Japan) in
seawater (Maruyama et al., 1986). Both the donor and
recipient oocytes were then transferred into seawater diluted
to 80% (80% seawater).
Manipulative transplantation was performed according to
Saiki and Hamaguchi (1993) and Tamura and Nemoto (2001)
using a micromanipulator (MMO-202; Narishige Science
Institute Laboratory, Tokyo, Japan) and an injector (IM-4A;
Narishige). Shortly after PB2 extrusion, the denuded donor
oocytes were transferred into a medium composed of 0.8 M
sucrose, 5 mM MgCl2, 1 mM EGTA and 10 mM 1,4-
piperazinediethane-sufonic acid (PIPES)–NaOH (pH 7.5).
A PB2 of a donor oocyte was sucked into a glass needle by
breaking the cell membrane of the PB2, and then the contents
of the injectate were transferred into a recipient oocyte during
the period before and shortly after PB2 extrusion.Fig. 1. Timing of insemination, cytochalasin B and cold seawater
treatments, and first cleavage (20jC). Oocytes were inseminated several
minutes after GVBD (stars). Cytochalasin B (CB) was added to the
fertilized oocytes from either 75–100 min after 1-MeAde treatment to
obtain 1pb-fert eggs (B, C) or 45–70 min for 0pb-fert. eggs (D, E). To
induce pronuclear fusion, both types of oocytes were treated with cold
seawater (Cold SW) for 20 min from 115 min after 1-MeAde treatment (C,
E). Control is present in A. Times at 50% mitotic rate of first cleavage are
indicated by narrow rectangles (CL1).Suppression of PB extrusion of fertilized oocytes
To analyze the relationship between the paternal (sperm)
centrosome and all the maternal centrosomes, PB extrusion
of fertilized oocytes was suppressed according to the pro-
tocol of Washitani-Nemoto et al. (1994). When fertilized
maturing oocytes in meiosis II were treated with 10 AM
cytochalasin B (Sigma-Aldrich), PB2 extrusion was sup-
pressed (Figs. 1B, C). This type of eggs was referred to as
‘‘1pb-fert.egg’’. If the treatment was done during meiosis I,
both PB1 and PB2 extrusions were suppressed (Figs. 1D,
E), and this type of egg was referred to as ‘‘0pb-fert.egg’’.
In PB-suppressed fertilized eggs, female and male pro-
nuclei formed after two rounds of meiotic divisions. In most
cases, the eggs entered into the first mitotic cycle without
fusion of these nuclei (cf. Uetake et al., 2002). Probably,
microtubules (MTs) developed by centrosomes beside those
nuclei prevent the nuclei from fusion. To depolymerize the
microtubules, therefore, eggs that formed two pronuclei
were treated with ice-chilled seawater to induce nuclear
fusion (Figs. 1C, E).
Immunofluorescence staining of mitotic figures
Indirect immunofluorescence staining of tubulins was
performed according to Miyazaki et al. (2000) and Uetake
et al. (2002).
Staining with an anti-a-tubulin antibody
After one rinse with CaFSW, aliquots of fertilized eggs
were immersed in an extraction medium composed of 25
mM imidazole, 10 mM EGTA, 10 mM KCl, 1% Triton X-
100, 0.2 mM phenylmethylsulfonyl fluoride, 20% glycerol
and 0.04% sodium azide (pH 6.9). The fertilization enve-
lope was removed by gentle pipetting of the eggs in the
extraction medium. Extracted eggs were fixed with cold
( 20 jC) methanol, followed by treatment with a mouse
monoclonal primary antibody against chick a-tubulin
(Amersham Corp., Buckinghamshire, UK), then with
FITC-conjugated goat anti-mouse IgG secondary antibody
(Biosource International, Camarillo, CA).
Staining with an anti-c-tubulin antibody
Samples extracted by the same procedure were fixed
with 6% paraformaldehyde in a medium (60 mM PIPES,
25 mM HEPES, 10 mM EGTA, 2 mM MgCl2 and 10%
sucrose; pH 7.2), followed by treatment with 2 mg/ml
sodium borohydride in phosphate-buffered saline. The
samples were then treated with (1) 5% normal goat serum,
(2) a rabbit anti-g-tubulin polyclonal primary antibody
(Sigma-Aldrich), and (3) a Texas red-conjugated goat
anti-rabbit IgG secondary antibody (Biosource Internation-
al), followed by a-tubulin staining.
Finally, the samples stained for a- and/or g-tubulin were
treated with 0.2 Ag/ml 4V,6-diamidino-2-phenyl indole
(DAPI; Sigma-Aldrich) to stain DNA.
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Living eggs, compressed to 60-Am thickness, were
observed with a microscope equipped with both differential
interference-contrast and polarization optics (HPD; Nikon,
Tokyo, Japan), and fluorescently stained specimens were
observed with OPTIPHOTO (Nikon). Microphotographs
were taken using Neopan F, Neopan 100 ACROS or Neo-
pan 400 PRESTO (Fuji photo film, Tokyo, Japan).
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Transplantation of PB2 centrosome into fertilized eggs
Contents of PB2 were transplanted around the center of
recipient eggs during the period before and shortly after PB2
extrusion, as done by Saiki and Hamaguchi (1998). In the
PB2-injected fertilized eggs, three nuclei formed after the
completion of meiosis: sperm pronucleus, pronucleus of the
egg proper (egg pronucleus), and injected PB2-derived
nucleus (PB nucleus).
Regarding the behavior of the PB2 nucleus to the sperm
pronucleus, two patterns were observed. In 13 of the total 62
eggs examined, an egg pronucleus fused with either a PB
nucleus or a sperm pronucleus, but no fusion occurred
between the PB nucleus and the sperm pronucleus (noFig. 2. Transplantation of PB2 into fertilized eggs (no nuclear fusion). The content
(A) Approximately 30 min after PB2 extrusion, sperm chromosomes began to form
minutes later, the sperm pronucleus developed (arrowhead). Synchronously to this
also formed, then fused into one large nucleus (arrow). The arrowhead indicate
breakdown of those nuclei, a monopolar (arrow) and a bipolar spindle (arrowhe
formed and the egg cleaved into three blastomeres. (E) In the second mitosis,
blastomeres (F). The time (hour: min) after 1-MeAde treatment is indicated in th
figures. (A, B, D, F) Differential interference-contrast (DIC) microscopy. (C, E) Po
bodies and an oil drop introduced with PB2 contents, respectively, and also in Finuclear fusion group). In 11 eggs of the no nuclear fusion
group, the sperm centrosomes formed one bipolar spindle,
the injected PB2 centrosome formed a monopolar (half)
spindle at the first mitosis (cf. Tamura and Nemoto, 2001;
Uetake et al., 2002), and each of those division poles
doubled in the subsequent mitoses (Fig. 2). These results
indicate that the PB2 centrosome is equivalent to the sperm
centrosome in the ability of division-pole formation when
they are apart and that the egg centrosome does not
influence the behavior of either the PB2 or sperm centro-
somes, as reported by Saiki and Hamaguchi (1998). In the
other two eggs, a bipolar sperm spindle appeared alone,
indicating the unsuccessful transplantation of the PB2
centrosome.
In 22 of the total 62 eggs examined, the PB2 nucleus
fused with the sperm pronucleus and also with the egg
pronucleus (nuclear fusion group). In 14 eggs of the nuclear
fusion group, three division poles (a tripolar spindle) formed
in the first mitosis, and then all of them doubled in the
subsequent mitotic cycles (Fig. 3). In the other eight eggs,
only two division poles (a bipolar sperm spindle) appeared
in the first mitosis. In the nuclear fusion group, the rate of
eggs with only two division poles at the first mitosis is
slightly higher than that in the no nuclear fusion group.
However, the difference between the two groups is statisti-
cally not significant (0.2 > P > 0.1). The last 27 of the total
62 eggs formed neither a nucleus nor an aster derived froms of a PB2 were transplanted into a fertilized egg in telophase of meiosis II.
a pronucleus. ‘‘O’’ is an oil drop introduced with PB contents. (B) Twenty
, a female pronucleus and a nucleus derived from the transplanted PB2 were
s the sperm nucleus, which did not fuse other nuclei. (C) Following the
ad) developed. (D) After disappearance of the spindles, three nuclei were
three bipolar spindles were formed, followed by a cleavage to form six
e lower right-hand corner of each frame, and this applies to the following
lalization microscopy. PBs and O in frame A indicate first and second polar
g. 3. Scale bar: 50 Am.
Fig. 3. Transplantation of PB2 into fertilized eggs (nuclear fusion). The contents of a PB2 were introduced into a recipient fertilized egg in telophase of meiosis
II. (A) A small nucleus (arrow) derived from the transplanted PB2 fused with the zygotic nucleus (arrowhead). After the nuclear breakdown (B), a tripolar
spindle formed (C), followed by formation of cleavage furrows and three nuclei (D). Because the recipient egg was under compression, progression of the
cleavage furrows was inhibited. In each of the subsequent mitoses, the bipolar spindles and nuclei doubled (E–H). (A, B, D, F, H) DIC microscopy. (C, E, G)
Polalization microscopy. Scale bar: 50 Am.
Fig. 4. Cleavages of PB-suppressed fertilized eggs. 1pb-fert.eggs cleaved
unequally into three blastomeres, one small and two large, at the first
cleavage (A), and in the second and subsequent cleavages, each blastomere
divided equally (B). 0pb-fert.eggs divided unequally into four blastomeres,
two small and two large, at the first cleavage (C), and in the second and
subsequent cleavages, they divided equally (D). Control eggs divided
equally in both first and second cleavage (E, F). Scale bar: 50 Am.
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tion of both centrosome and chromosomes in PB2.
The above results indicate that the PB2 centrosome with
reproductive capacity is not suppressed by the sperm centro-
some regardless of the distance between the two centrosomes.
Behavior of centrosomes in fertilized eggs whose PB
extrusions were suppressed
The result of the above PB2-injection experiments is
contradictory to that of Saiki and Hamaguchi (1998), who
observed that the sperm centrosome is predominant over the
PB centrosome in the ability for division-pole formation. To
confirm our results further, we prepared fertilized eggs
carrying reproductive maternal centrosomes by suppressing
their PB2 extrusions with cytochalasin B (1bp-fert.eggs;
Figs. 1B, C). As in the PB2-injected fertilized eggs, those
1pb-fert.eggs bearing a PB1 alone retain a centrosome to be
cast off into PB2 in addition to another centrosome to be
inherited by the mature egg. For a supplementary experi-
ment, we also prepared fertilized eggs lacking any PBs
(0pb-fert.eggs; Figs. 1D, E), thus containing all the maternal
centrosomes for meiosis (Uetake et al., 2002; Washitani-
Nemoto et al., 1994).
(A) 1pb-fert. eggs
Mitosis. Because meiotic nuclear events are not disturbed
by cytochalasin treatment (Uetake et al., 2002; Washitani-
Nemoto et al., 1994), pronucleus formation and mitotic
divisions took place synchronously with those of normal
zygotes. At the first mitosis, 1pb-fert.eggs divided into
Q.Y. Zhang et al. / Developmental Biology 266 (2004) 190–200 195three: one small and two large blastomeres (Fig. 4). Judging
from the position of a PB1, a smaller blastomere was
locating at the animal pole side. In the subsequent cleav-
ages, each blastomere divided equally, and the eggs devel-
oped to bipinnaria, although not normally. The tripolar
division at the first mitosis indicates that an additional
centrosome other than the sperm centrosome is present.
Mitotic division-pole formation. Maternal chromosomes
in the second meiosis normally divided into two clusters
under cytochalasin treatment (Fig. 5A, f). Due to the failure
of PB2 extrusion, however, all the chromosomes came
together into one to form a single nucleus beneath the cell
surface (Figs. 5B, f and 6A, arrow; see Uetake et al., 2002
for details). Simultaneously with this, a sperm pronucleus
was formed near the center of the egg (Figs. 5A, B, m and
6A, arrowhead). Without fusion, both nuclei broke down
synchronously (Fig. 6B), then a monopolar spindle (half
spindle) was formed at the site of the female pronucleus
(Figs. 5C and 6C, arrow), and a bipolar spindle at the site of
the male pronucleus (Figs. 5C and 6C, arrowhead). By
these spindles, three cleavage furrows formed, but they
regressed because the egg was under mild compression for
microscopy (Fig. 6D). In the second mitosis, three bipolar
spindles formed (Figs. 6E, F). In the subsequent mitoses,
each centrosome doubled to form bipolar spindles. Such
centrosomal behavior was observed in all of the 25 eggs
examined.
Behavior of maternal centrosomes in eggs whose parental
pronuclei fused. As described above, the maternal centro-Fig. 5. Immuofluorescently stained mitotic figures of PB-suppressed fertilized eggs
C): In the second meiosis, female chromosomes (f) separated into two clusters (A),
a single nucleus (B), which was accompanied with an aster. (C) At the first mitosis,
centrosome formed a bipolar spindle (m). 0pb-fert. eggs (D–F): In the second meio
spindle (D), then came together into one to form a single nucleus with two aster
respectively formed a bipolar spindle (F). Scale bar: 50 Am.somes can behave independently of the male centrosome
within the same cytoplasm. In PB-suppressed fertilized
eggs, the rate of fusion between female and male pronuclei
was about 10%. The small asters beside the nuclei probably
prevented the parental nuclei from fusion (cf. Uetake et al.,
2002). To induce nuclear fusion in high frequency, 1pb-
fert.eggs were treated with ice-chilled seawater shortly after
pronucleus formation to depolymerize microtubules (Fig.
1D). In the treated eggs, pronuclear fusion took place during
or shortly after release from the ice-chilled seawater treat-
ment (Figs. 7A, B). Depending on batches, the rate of
nuclear fusion ranged from 50% to 90%.
As shown in Figs. 8A–C, an anti-g-tubulin antibody
detected three spots on a fused nucleus, indicating the
presence of three centrosomes. Among them, some two
centrosomes must be of sperm origin, and the rest one of
maternal origin. At the first mitosis, all of the centrosomes
worked together to form a single tripolar spindle in all of the
29 eggs examined (Figs. 7C and 8D). In the subsequent
mitoses, each centrosome doubled to form bipolar spindles
(Fig. 7E). Same as in the eggs without nuclear fusion (Figs.
5 and 6), the maternal centrosome was not suppressed even
after pronuclear fusion that brought the parental nuclei
close. Thus, we could confirm the results obtained by
PB2-transplantation experiments.
(B) 0pb-fert.eggs
Each centrosome of a meiosis-I spindle has one repro-
ductive and one non-reproductive centriole, so both cen-
trosomes are reproductive (Tamura and Nemoto, 2001;
Uetake et al., 2002). Paired centrioles in the outer centro-without nuclear fusion. Microtubules: green; DNA: blue. 1pb-fert.eggs (A–
but due to the failure of PB2 extrusion, they came together into one to form
the female centrosome formed a monopolar (half) spindle (f), and the sperm
sis, female chromosomes (f) separated once into four clusters by a tetrapolar
s (E). At the first mitosis, both the female (f) and sperm centrosomes (m)
Fig. 6. Behavior of centrosomes in 1pb-fert.eggs (non-nuclear fusion). After meiosis, a female nucleus (arrow) and a sperm pronucleus (arrowhead) were
formed (A). Following their breakdown (B), a monopolar (half) spindle appeared at the site of the female nucleus (C, white arrow) and a bipolar spindle at the
site of the male pronucleus (C, arrowhead). After three nuclei formed (D), three bipolar spindles appeared (E, the upper spindle indicated by two arrows is not
parallel to the focus plane), the egg divided into six blastomeres (F). (A, B, D, F) DIC microscopy. (C, E) Polalization microscopy. Scale bar: 50 Am.
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examine whether the centrosome destined to be cast off into
PB1 can also survive in fertilized eggs, the PB1 centrosome
was kept in the cytoplasm of fertilized maturing oocytes by
treating them with cytochalasin B before PB1 extrusion
(Figs. 1D, E). Those oocytes failed to extrude PB2 as well
as PB1, thus containing all of the four centrioles for bothFig. 7. Behavior of centrosomes in 1pb-fert.eggs (nuclear fusion). After returning o
and male nuclei were fused (B, arrow). After breakdown of the nucleus, a single tri
and third mitosis, three and six bipolar spindles were formed, respectively (E, F). N
seawater treatment, this applying to Fig. 9. (A, B, D) DIC microscopy. (C, E, F)meiosis I and II (Uetake et al., 2002; Washitani-Nemoto et
al., 1994).
Although those cytochalasin-treated oocytes extruded no
polar bodies, two rounds of meiotic nuclear divisions and
centrosomal separations proceeded synchronously with
those in the control oocytes as described in our previous
papers (Uetake et al., 2002; Washitani-Nemoto et al., 1994).f an egg with PB1 alone from cold seawater to 20 jC seawater (A), female
polar spindle formed (C), followed by a tripolar cleavage (D). At the second
umerals in parentheses at the lower right corners indicate the times after cold
Polalization microscopy. Scale bar: 50 Am.
Fig. 8. Centrioles on a fused nucleus in a 1pb-fert. and a 0pb-fert.egg. Triple staining of eggs with an anti-a-tubulin antibody (A, E), an anti-g-tubulin antibody
(B, F) and DAPI (C, G), and double staining of spindles with the anti-a-tubulin antibody (green) and DAPI (blue) (D, H). On a fused nucleus of 1pb-fert.egg
(A–C), three tiny asters are present, in each of which a centrosome was detected. The three centrosomes formed a single tripolar spindle at the first mitosis (D).
In a 0pb-fert.egg (D–G), four tiny asters were observed, in each of which a centrosome was observed. The four centrosomes formed a single tetrapolar spindle
at the first mitosis (H). Scale bars: 50 Am.
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(Fig. 5D, f). Chromosomes separated once into four clusters,
then decondensed to form karyomeres, which finally fused
into a single nucleus (Fig. 5E, f). Behavior of the centro-
some and chromosomes of the sperm (Figs. 5D, E, m) was
the same as in the 1pb-fert.eggs (Figs. 5A, B).
After meiosis, two nuclei formed apart: a female pronu-
cleus with the two small asters appeared near the cell
surface, and a male pronucleus was at the center of eggs
(Fig. 5E). When they broke down synchronously with eachFig. 9. Behavior of centrosomes in a 0pb-fert.egg (nuclear fusion). After cold seaw
mitosis, a single tetrapolar spindle formed (B), followed by a tetrapolar cleavage (C)
(E), followed by doubling of the bipolar spindles in the third mitosis (F). (A, C, E)other without fusion, two bipolar spindles formed at the first
mitosis (Fig. 5F): the spindle formed at the site of the female
nucleus was smaller than the inner one at the site of the male
pronucleus. Hence, the eggs divided into two small and two
large blastomeres (Fig. 4C). In the second mitosis, each
blastomere formed a bipolar spindle and divided equally
(Fig. 4D). Those embryos continued to divide and devel-
oped to bipinnaria, though not normally. Normal zygotes
underwent equal cleavages in the first and second mitosis
(Figs. 4E, F).ater treatment, a female and a sperm nucleus fused (A, arrow). At the first
. In the second mitosis, four bipolar spindles appeared (D) to induce cleavage
DIC microscopy. (B, D, F) Polalization microscopy. Scale bar: 50 Am.
Q.Y. Zhang et al. / Developmental Biology 266 (2004) 190–200198When nuclear fusion was induced by cold treatment (Fig.
1E), four centrosomes were observed on the fused nucleus
(Figs. 8E–G). In all of the 33 eggs examined, all the
centrosomes participated in forming mitotic poles at the
first mitosis, resulting in a single tetrapolar spindle (Figs.
8 and 9B) to divide an egg into four blastomeres (Fig. 9C).
In the subsequent mitoses, these centrosomes doubled to
form bipolar spindles (Figs. 9D–F). These observations
indicate that the maternal centrosomes to be cast off into
PB1, as well as those to be distributed to PB2, are not
suppressed by the sperm centrosome. In other words, the
maternal centrosomes, if they are reproductive, are not
suppressed in zygotes even after the completion of meiosis,
as in parthenogenotes (Tamura and Nemoto, 2001; Uetake
et al., 2002; Washitani-Nemoto et al., 1994).Discussion
On the basis of the results obtained by using an artificial
parthenogenetic system produced through suppression of PB
extrusion (Obata and Nemoto, 1984; Uetake et al., 2002;
Washitani-Nemoto et al., 1994), and by transplantation
experiments of PBs into artificially activated mature eggs
(Tamura and Nemoto, 2001), these investigators have pro-
posed a model that the loss of the maternal centrosome
inherited by the mature egg is primarily caused by some
intrinsic factors in the centrosome itself. In those eggs used
for those studies, however, the sperm centrosome is not
contained.
On the other hand, investigators dealing with fertilized
eggs reported different processes for the loss of the maternal
centrosome. Sluder et al. (1989) kept all the maternal
centrosomes in the cytoplasm of a fertilized egg by slight
flattening it at meiosis I or by micromanipulating it off a
meiosis-I spindle from its cortical location. They observed
that in the flattened eggs, all the maternal centrosomes lost
reproductive capacity, whereas the paternal centrosome kept
it. In the micromanipulated eggs, only the paternal centro-
some survived and reproduced after a sperm pronucleus and
a PB2 nucleus fused. Saiki and Hamaguchi (1998) injected
the contents of PB2 into fertilized eggs, in which one
bipolar spindle alone appeared in the first mitosis when
the injected PB2 and sperm centrosomes came close to each
other, whereas each of the centrosomes independently
formed a spindle if they were located apart from each other.
These observations suggest that the sperm centrosome may
be responsible for the loss of the maternal centrosome in
zygotes, this requiring that both centrosomes come close to
each other (within the distance of a fused-nucleus diameter).
However, the present study has clearly revealed that mater-
nal centrosomes are not suppressed even if they come close
to the paternal centrosomes. At the onset of the first mitosis
in normal zygotes, the male and female pronuclei fuse to
form a single nucleus, synkaryon. If the egg centrosome is
still alive after the nuclear fusion, it must be locating on thefused nucleus and must participate in forming a multipolar
spindle at the first mitosis together with the sperm centro-
somes. However, this is not true in the normal zygote, in
which a bipolar spindle is formed alone in the first mitosis.
Therefore, the maternal centrosome inherited by the mature
egg must have been lost by the pronuclear fusion, probably
shortly after the extrusion of PB2.
The result of PB2 transplantations by ours and that by
Saiki and Hamaguchi (1998) are mutually exclusive. As
shown by Saiki and Hamaguchi (1998) and in this study, a
significant number of micromanipulative experiments failed
to transplant either centrosomes and/or chromosomes of PBs
(cf. Tamura and Nemoto, 2001). Transplantation of them is
judged successful only when asters, spindles and/or nuclei,
which derive from them, are actually formed in recipients.
So in the cases where no asters/spindles are formed by
transplanted PB2 contents, it is hard to judge whether the
lack of formation of mitotic figures is due to the failure of
centrosome transplantation or to the suppression of success-
fully transplanted centrosomes by some other reason, that is,
by the sperm centrosome. It is difficult, therefore, to bring
out positive meanings from negative results in such trans-
plantation experiments.
In starfish-oocyte meiosis, the behavior of maternal cen-
trioles has been demonstrated as follows (Kato et al., 1990;
Sluder et al., 1989): In meiosis I, each centrosome forming
two division poles has a pair of centrioles. The outer pair
beneath the cell surface is distributed to PB1, which thus has
two centrioles. Another pair located in the inner cytoplasm is
inherited by a secondary oocyte. Because of the lack of
centriole duplication in meiosis II, the paired centrioles
separate into singles to form a meiosis-II spindle. The outer
centriole is cast off into PB2, and a mature egg inherits the
inner one. By transplantation of PBs into artificially activated
mature eggs, Tamura and Nemoto (2001) have revealed that
only one of the two centrioles distributed to PB1 and the
single centriole in PB2 have reproductive capacity. Uetake et
al. (2002) have revealed that two of the four centrioles in
meiosis I and one of the two centrioles in meiosis II are lost
shortly after the completion of meiosis when kept in the
oocyte cytoplasm and that all the surviving centrioles retain
reproductive capacity. Furthermore, they demonstrated that
monasters recurrently appearing in artificially activated ma-
ture eggs lack regions detectable by an anti-g-tubulin anti-
body. In the monasters, chromosomes locate to their center
(Tamura and Nemoto, 2001; Uetake et al., 2002), differently
from the monasters formed by centrosomes, where chromo-
somes locate on the periphery of the asters (Glover et al.,
1995; Gonzalez et al., 1998). The anti-g-tubulin antibody
injection into fertilized eggs inhibited egg-monaster forma-
tion, but not spindle formation by the sperm centrosome, no
centrioles were found within the monasters by electron
microscopy, and injection of chromosomal fractions aspirat-
ed from germinal vesicles into activated mature eggs induced
such monasters (in preparation). Taking together, only one
explanation is possible for the fate of the maternal centro-
Q.Y. Zhang et al. / Developmental Biology 266 (2004) 190–200 199some/centriole inherited by the mature egg, that is, the egg
centrosome is lost just after the completion of meiosis.
The following model has been proposed for the behavior
of maternal centrosomes/centrioles during meiosis of star-
fish oocytes (Tamura and Nemoto, 2001; Uetake et al.,
2002): Immature oocytes arrested at early prophase of
meiosis I have two pairs of centrioles. One of the pairs is
composed of a mature mother and a daughter centriole, and
the other pair consists of an immature mother and daughter.
When the meiotic spindle at the first prometaphase orien-
tates itself from parallel to perpendicular to the cell surface,
one of the paired centrioles, which consists of a mature
mother and a daughter centriole, is placed beneath the cell
surface to be cast off into PB1. By the end of meiosis I, the
immature mother in the inner centrosome has completed its
maturation into a mature mother, while the daughter cen-
triole remains a daughter, so the paired centrioles retained
in the secondary oocyte consist of a mature mother and a
daughter. When the meiosis-II spindle is formed, the
mature mother centriole is positioned beneath the cell
surface and the daughter is located in the deeper cytoplasm.
Eventually, the mature mother is cast off into PB2 and the
mature egg inherits a daughter centriole lacking reproduc-
tive capacity, which is lost shortly after the completion of
meiosis. The results of the present study confirm this
model.
The loss of the maternal centrosomes in the mature egg is
closely linked with the lack of centriole duplication in
meiosis II. The lack of centriole duplication was first
suggested in Mytilus (Longo and Anderson, 1969), con-
firmed in starfish (Kato et al., 1990; Sluder et al., 1989) and
recently in sea urchin (Nakashima and Kato, 2001). This
may be common among species in which centrioles are alive
to work throughout meiosis. The centriole model for starfish
oocytes may apply to such species. In meiosis of Spisula
zygotes, maternal and paternal centrosomes are differently
regulated in the aster-forming potential (Wu and Palazzo,
1999), which may lead to the selective loss of the maternal
centrosomes. In other species, it is known that the maternal
centrioles are lost at metaphase of meiosis II (in human,
Sathananthan, 1997) or earlier stages (in mouse, Szo¨llo¨si et
al., 1972; in Drosophila, Carpenter, 1975a,b; in Xenopus,
Gerhart et al., 1989). Though the loss of maternal centro-
somes may be caused by diverse mechanisms among
species, it must be a means to suppress spontaneous
(parthenogenetic) development without fertilization, which
could introduce another set of genome into the egg.Acknowledgments
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